Background. Graft reperfusion poses a critical challenge during liver transplantation and can be associated with hemodynamic instability/postreperfusion syndrome. This is sequel to ischemia-reperfusion injury and normothermic machine preservation (NMP) may affect hemodynamic changes. Herein, we characterize postreperfusion hemodynamics in liver grafts after NMP and traditional cold preservation. Materials and methods. Intraoperative records of patients receiving grafts after NMP (n = 6; NMP group) and cold storage (CS) (n = 12; CS group) were compared. The mean arterial pressure (MAP) was defined as the average pressure in the radial artery during 1 cardiac cycle by invasive monitoring. Postreperfusion syndrome was defined as MAP drop greater than 30% of baseline, lasting for 1 minute or longer within the first 5 minutes from graft reperfusion. Results. Donor, recipient, demographics, and surgical parameters were evenly matched. Normothermic machine preservation grafts were perfused for 525 minutes (395-605 minutes) after initial cold ischemic time of 91 minutes (73-117 minutes), whereas in CS group cold ischemic time was 456 minutes (347-685 minutes) (P = 0.001). None developed postreperfusion syndrome in the NMP group against n = 2 (16.7%) in CS group (P = 0.529). Normothermic machine preservation group had better intraoperative MAP at 90 minutes postreperfusion (P = 0.029), achieved with a significantly less vasopressor requirement (P = <0.05) and less transfusion of blood products (P = 0.030) compared with CS group. Conclusions. Normothermic machine perfusion is associated with a stable intraoperative hemodynamic profile postreperfusion, requiring significantly less vasopressor infusions and blood product transfusion after graft reperfusion and may have benefit to alleviate ischemia-reperfusion injury in liver transplantation.
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Background. Graft reperfusion poses a critical challenge during liver transplantation and can be associated with hemodynamic instability/postreperfusion syndrome. This is sequel to ischemia-reperfusion injury and normothermic machine preservation (NMP) may affect hemodynamic changes. Herein, we characterize postreperfusion hemodynamics in liver grafts after NMP and traditional cold preservation. Materials and methods. Intraoperative records of patients receiving grafts after NMP (n = 6; NMP group) and cold storage (CS) (n = 12; CS group) were compared. The mean arterial pressure (MAP) was defined as the average pressure in the radial artery during 1 cardiac cycle by invasive monitoring. Postreperfusion syndrome was defined as MAP drop greater than 30% of baseline, lasting for 1 minute or longer within the first 5 minutes from graft reperfusion. Results. Donor, recipient, demographics, and surgical parameters were evenly matched. Normothermic machine preservation grafts were perfused for 525 minutes (395-605 minutes) after initial cold ischemic time of 91 minutes (73-117 minutes), whereas in CS group cold ischemic time was 456 minutes (347-685 minutes) (P = 0.001). None developed postreperfusion syndrome in the NMP group against n = 2 (16.7%) in CS group (P = 0.529). Normothermic machine preservation group had better intraoperative MAP at 90 minutes postreperfusion (P = 0.029), achieved with a significantly less vasopressor requirement (P = <0.05) and less transfusion of blood products (P = 0.030) compared with CS group. Conclusions. Normothermic machine perfusion is associated with a stable intraoperative hemodynamic profile postreperfusion, requiring significantly less vasopressor infusions and blood product transfusion after graft reperfusion and may have benefit to alleviate ischemia-reperfusion injury in liver transplantation. G raft reperfusion is a critical point during liver transplantation (LT), because it is correlated with the greatest intraoperative hemodynamic and metabolic stresses. During reperfusion, the occurrence of severe hemodynamic instability is commonly referred to as "postreperfusion syndrome" (PRS) and represents an important risk factor for graft injury, recipient mortality and morbidity. 1 Postreperfusion syndrome is defined as a decrease in mean arterial pressure (MAP) of more than 30% from the value recorded at anhepatic phase lasting for more than 1 minute, during the first 5 minutes after reperfusion of the graft. 2 Several studies report that the incidence of PRS varies between 25% and 50%. 3, 4 In a recent observational study, PRS was associated with significantly more frequent postoperative renal failure and with more frequent early postoperative death. 4 A few studies have attempted to determine the clinical predictors, which could potentially impact on PRS occurrence. [6] [7] [8] However, the influence of those clinical factors on PRS occurrence remains still controversial.
The pathophysiology of PRS after graft reperfusion is a complex mechanism not clearly understood. Postreperfusion syndrome is influenced by the liver ischemia-reperfusion injury (IRI), which represents an event with "global" consequences that influence the function of many organs including the myocardium, kidney, lung, intestine, pancreas, and adrenal glands. 9 Among the multiple mechanisms implicated in IRI pathophysiology, the activation of the oxidative pathway and the excessive systemic inflammatory response, characterized by high circulating levels of proinflammatory cytokines and transcriptional factors (including IL-6 and TNF-α) after reperfusion, have been clearly recognized as having a key role in this phenomenon. 9, 10 Consequently, the establishment of metabolic acidosis, hypothermia, hypocalcemia, hyperkalemia, and the release of vascular components determine the multiple organ dysfunction and hemodynamic changes, which impact on postoperative morbidity and mortality. 11 In recent years, the transplant community has explored many strategies to prevent IRI after transplantation. Novel ex vivo techniques, such as hypothermic, normothermic, and subnormothermic machine perfusion (NMP), have been shown to have a potentially useful role in reducing ischemia-reperfusion liver damage and in "resuscitating" marginal organs. [12] [13] [14] In particular, several recent studies have reported the feasibility of graft preservation with NMP, 15 which continuously perfuses the graft at physiological pressures and oxygenated blood providing cell nutrition, and might have a better outcome than preservation via cold storage (CS). This new technique may improve hemodynamics and attenuate ischemic injury also in marginal livers, but few data of its application in humans are available. The first report (OrganOx trial) on the safety and the feasibility of NMP on transplanted human liver allografts has recently been published with significant contribution from the author's own institution. 16 The aim of this substudy is to characterize the hemodynamic changes related to PRS in the cohort of patients transplanted with NMP liver grafts, in comparison to a control group of patients receiving grafts from CS.
MATERIALS AND METHODS

Study Design
Patients receiving liver grafts perfused with NMP that contributed to the first OrganOx trial at the authors' institution were compared with a matched control group of patients (1:2 control) receiving liver grafts from CS. The control group was chosen from contemporary transplants performed at the same institution and enrolled in the original OrganOx trial according to following criteria as 1:2 match (donor age within 5 years, MELD ±2, etiology, recipient age within 10 years, and the graft type). 16 The anesthetic records and perioperative data were collected. The following definitions were used: mean arterial pressure was defined as "the average pressure in the radial artery during 1 cardiac cycle by invasive arterial monitoring." Postreperfusion syndrome was defined as "decrease of more than 30% in MAP immediately after the anhepatic stage for at least 1 minute within the first 5 minutes after reperfusion" with other surrogate hemodynamic changes recognized previously. 2 The anhepatic phase was defined as "the duration of time from the removal of the recipient's liver to the graft reperfusion" and the implantation time referred to "the duration of time from the start of the caval anastomosis to the portal reperfusion." Cold ischemic time was defined as "the time between the cold perfusion of the liver is commenced at the cross-clamping and the time the organ is taken out from the CS for implantation" in the control group, meanwhile in the NMP group this constituted a much shorter time period until the liver graft is connected to the NMP device after the organ procurement. Donor WIT was defined as "time elapsed since the onset of hypotension (when systolic blood pressure falls <50 mm Hg) or hypoxemia (desaturation with SpO 2 < 80% measured by pulse oximetry)-whichever comes first-until the cold arterial flush is started in the donor."
To compare the graft quality in the 2 groups and to assess the impact of NMP on DRI, we calculated the DRI 17 in the following way. In the NMP group, the DRI was calculated as an actual score and a projected score. Actual DRI score was calculated taking into account only the brief period of CIT during the bench preparation of graft before it was connected to OrganOx machine. The projected DRI was calculated assuming that there was no normothermic component, and the liver grafts in this group were also preserved in traditional CS and assuming the transplant operation was planned in the same way. Finally, the actual and the projected score of the NMP group were compared with the DRI of the control group.
Anaesthesia Protocol
Anaesthesia was induced with intravenous Propofol (1.5-2.0 mg/kg) and Fentanyl (1-1.5 μg/kg) and maintained with volatile anaesthetics (isoflurane or desflurane), opiate (alfentanil or remifentanil) and atracurium infusions. Mechanical ventilation was characterized by a tidal volume of 6 to 10 mL/kg and a respiratory rate appropriate to achieve an end-tidal CO 2 of 4 to 5.5 kPa. Invasive arterial and central venous monitoring was used. The MAP was measured by invasive BP traces during the entire operation. Cardiac output and right ventricular function were monitored using either a pulmonary artery catheter with thermodilution or transesophageal echocardiography. A continuous infusion of norepinephrine (NE) was started in all recipients with the aim of maintaining a MAP greater than 60 to 65 mm Hg. Continuous venovenous hemofiltration was used in cases with significantly impaired renal function. At reperfusion, the rate of NE infusion was increased to maintain the MAP above 65 mm Hg, and boluses of epinephrine of 10 to 30 μg was used if the hypotension was severe, arterial pressure did not recover promptly, or if there was evidence of reduced myocardial contractility on transesophageal echocardiography. During surgery patients received intravenous fluids (such as crystalloids and colloids) for volume replacement, and packed RBCs to maintain a blood hemoglobin level above 70 g/L. Fresh-frozen plasma and platelet administration was guided by thromboelastography parameters.
Surgical Techniques
Liver allografts from both DBD and DCD were included. All organs were retrieved by senior surgeons and were perfused with cold University of Wisconsin solution.
NMP Group
Immediately after the liver was retrieved from the donor, the back table preparation of the graft was performed in the donor's hospital at 4°C. Then, the liver was connected to NMP device (OrganOx), and any bleeding from the graft was fixed before the transport to the recipient's hospital, as described in the original trial (16) . During the perfusion, the OrganOx device provided automated pumping, oxygen/air delivery, and heat exchange to maintain the perfusate at normal temperature (37°C), with physiological range for pO 2 (12 kPa), pCO 2 (5 kPa), pH (7.35) , at physiological pressures in the vascular inflows and outflows of the liver (hepatic artery pressure 60 to 75 mm Hg and inferior vena cava pressure −1 to 2 mm Hg) and at stable portal flow. Arterial and portal perfusions were performed with a combined oxygenated solution of 3 units of RBCs, 1 L of colloids, bile salts, insulin, prostacyclin, and heparin. Pressures, arterial and portal flows, temperature, blood gases, pH, and bile production were monitored continuously during the entire time that the livers were on the machine and evaluated for the preimplantation viability of the graft. When ready for the transplant, organs were flushed with 2 to 3 L of cold perfusion solution (University of Wisconsin solution/histidine-tryptphan-ketoglutarate solution) through the portal vein and then implanted.
CS Group
A standard cold preservation by storage of the liver at 4°C was performed.
The piggyback technique, with a side-to-side caval anastomosis, was used for all transplants. All grafts were flushed in situ with 1 L of cold dextrose 5% or 0.9% physiological saline (according to the surgeon preference) before the reperfusion. A temporary portocaval shunt was performed only selectively. Initial revascularization of the graft was performed with the portal vein in all cases.
Data Collection
Demographic characteristics of recipients (age, sex, body mass index [BMI], primary liver disease, MELD score, United Kingdom MELD, preoperative echocardiographic examination) and donor criteria (age, BMI, DRI score, CIT) were collected. Intraoperative variables, included duration of surgery and other operative variables, transfusion requirements, the inotropic requirements were recorded and compared between the 2 groups at the initiation of surgery during hepatic dissection and during the anhepatic phase at 5, 30, 60, 90 minutes after graft reperfusion. Liver biopsy performed after the disconnection of the graft from the NMP (postperfusion) and after 1 hour from reperfusion were analyzed. Postoperative variables included intensive care unit and hospital stays, intraoperative death, early death, and morbidity occurring during the first 15 days. All patients included in this study signed an informed consent before the transplant to be enrolled in the original OrganOx trial. This retrospective study was approved by the clinical audit and research management system (CARMS) of the institution (registration number: CARMS-11423).
Statistical Methods
Data were recruited from a prospectively collected consecutive database (Microsoft Access 2.0; Microsoft Corporation, Redmond, WA). Univariate data were analyzed using the Mann-Whitney test and Fisher exact test. Repeatedmeasures analysis of variance models were then produced to analyze the NE and MAP levels. The NE values were log 10 -transformed before the analysis to reduce the level of skew in the distribution that meets the assumption of normality. The model included the patient group and measurement time as factors, as well as an interaction term. Results are reported as medians and ranges for demographic and surgical factors, geometric means with 95% confidence intervals for NE, and as arithmetic means with 95% confidence intervals for MAP. All analyses were performed using IBM SPSS Statistics 22 (IBM Corp. Armonk, NY), with P less than 0.05 deemed to be indicative of statistical significance. years) who underwent LT after conventional CS (CS group). The 2 groups were comparable in terms of recipient demographic variables, such as age, sex, BMI, MELD, and United Kingdom MELD score, and etiology of liver disease (Table 1) .
RESULTS
Preoperative cardiac examinations, in terms of ejection fraction, were comparable in patients of both groups (>60%), except 1 in each group with left ventricular diastolic dysfunction.
Similarly, the donor profile was also comparable in the 2 groups (BMI, days of intensive therapy unit stay, DBD/DCD, donor WIT) ( Table 1 ). Grafts preserved with the NMP were perfused on the machine for a median time of 525 (395-605) minutes before transplantation. All grafts preserved with NMP maintained consistent hepatic arterial (0.1-0.2 L/min) and portal venous (1-1.2 L/min) flows during the perfusion, and pH between 7.2 and 7.4 without pharmacological correction. Also, decreasing of lactate levels as bile productions was observed after the first hour and maintained throughout NMP.
Intraoperative times including duration of surgery, duration of the anhepatic phase, and implantation times were similar in both groups ( Table 1) . The median CIT, as defined in the methods, was significantly shorter in the NMP group compared with the CS group (91 minutes [73-117] vs 456 minutes [347-685], respectively) (P < 0.001). All organs were reperfused by portal vein and temporary portocaval shunt was performed in 4 patients (66.7%) of the NMP group and in 5 patients (41.7%) of the CS group (P = 0.612).
In the NMP group, liver biopsies performed when the graft was disconnected from the OrganOx machine and after 1 hour from reperfusion showed similar findings. When these were compared with the 1-hour postreperfusion graft biopsy of the CS group there were no significant differences reported in terms of postreperfusion injury and steatosis ( Table 1) .
Influence of NMP on DRI Score
As described under the methods DRI was calculated on the grafts used in both NMP and CS groups. The median actual DRI of the NMP group was 1.6 (1.05-2.92) compared with CS group (1.7 [0.99-2.89]; P = 0.882) ( Table 2 ). The projected DRI (assuming that there was no normothermic component) in NMP group was 1.9 (1.06-2.95), and this did not significantly differ with the actual DRI in the NMP group (P = 0.890) or that of CS group (P = 0.732).
Intraoperative Hemodynamic Outcomes
Mean Arterial Pressure
The intraoperative MAP was similar in both groups at all times during surgery, except for MAP at 90 minutes after graft reperfusion (67. (Table 3) . Compared with the prereperfusion value within each group, the MAP of CS group significantly reduced 5 minutes after Values reported as medians and ranges, with P values from Mann-Whitney U tests. *For the NMP group the "actual" DRI score was calculated using the CIT from beginning of cold preservation in the donor until the graft is connected to the NMP and the "projected" DRI score was calculated assuming that the grafts were not connected to the NMP and preserved in the conventional cold storage as for the CS group. *Significant at P < 0.05. reperfusion (P = 0.020) and slowly increased to the prereperfusion values after 30 minutes (P = 0.050), whereas MAP remained unchanged compared with the prereperfusion values in the NMP group (P = 0.280). This change of the MAP in the NMP group was evident without the need for increased requirement of vasopressors to support adequate perfusion pressures as reported in detail below. Intraoperative data showed that PRS did not occur in the NMP group, whereas it occurred in 2 patients (16.7%) in the CS group (P = 0.529; Fisher exact test). The MAP dropped more than 30% that of prereperfusion recordings at any time of point after reperfusion in 4 recipients (33.3%) in the CS group, but no such variations were reported in the NMP group (P = 0.245).
Inotropic Support
Intravenous NE requirement was significantly higher in the CS group at 5 (P = 0.937), 30 (P = 0.047) and 60 (P = 0.035) minutes after liver reperfusion (Table 3 ). In the CS group, 3 recipients (25.0%) required boluses of epinephrine after graft revascularization until hemodynamic parameters were stabilized, whereas no patients required epinephrine boluses in the NMP group. The intraoperative mean NE infusion levels and MAP profiles are reported in Figure 1 . No other inotropes were used. One patient in the CS group, without preoperative cardiovascular disease (left ventricular ejection fraction of 60-65% at the preoperative echocardiographic examination) and normokalemia before reperfusion, died from intraoperative cardiac arrest due to ventricular fibrillation, which occurred 30 minutes after portal reperfusion and 10 minutes after artery reperfusion.
Transfusion Requirements
The total amount of intraoperative fluid infusion (blood products and other fluids) and the quantity infused after organ reperfusions were comparable in both groups (Table 4) . However, in the grafts preserved with NMP, the volume of blood products transfused (RBCs, fresh frozen plasma, platelets, and cell salvage blood) after the liver reperfusion was significantly lower compared with that of the organs treated with standard CS (P = 0.030). In the NMP group 2 (33.3%), patients required cell-sever reinfusion, whereas 8 (66.7%) recipients in the control group (P = 0.321). The median intraoperative blood losses were 639 mL (256-1022 mL) and 957 mL (500-2326 mL) in the NMP group and CS group, respectively (P = 0.087). The hemoglobin level at the end of the operation were similar in both group ([8.9 mg/dL in the NMP group vs 8.6 g/dL in the control group [P = 0.504]). During the first 48 hours after the surgery, the total amount of blood products transfused was similar in both groups (P = 0.089); however, the volume of RBCs required in the control group was significantly higher than in the NMP group (P = 0.037) ( Table 4) .
DISCUSSION
Normothermic organ preservation has been investigated in all solid organ transplant models including laboratory, animal, and preclinical setting and currently being incorporated in the clinical transplantation scenery. [18] [19] [20] [21] The ability to mitigate cold ischemia and the ischemia-reperfusion syndrome, which causes significant graft dysfunction after early posttransplant period is projected as the principle benefit of normothermic preservation. The organ damage during the CS is mainly responsible for ischemic injury; complete alleviation of the cold ischemic component may allow liver grafts to be preserved in normal physiological conditions. In LT, normothermia could theoretically be applied in various stages. [22] [23] [24] Graft reperfusion represents a critical challenge during LT and it may be associated with severe hemodynamic instability and PRS, which represent an important intraoperative risk of liver injury such as recipient morbidity and mortality. 1, 4 Mechanism of PRS is complex and many pathways are involved, and the severity is correlated with IRI. 1, 25 The physiopathology of liver IRI has been extensively investigated and has been divided in 2 principal phases, namely ischemia and reperfusion. 7, 26, 27 Ischemic phase occurs during the CS due to absence of tissue perfusion, and therefore of oxygen and delivery of metabolites. This phase is characterized by depletion of energy stores, failure of Na+/K+ ATPase, anaerobic metabolism, cellular swelling/oedema, and acidosis. In the second phase, the graft reperfusion causes a rebound oxygen reuptake from cells, release of free radicals, endothelial damage, and intrahepatic inflammatory infiltration leading to organ damage. 28 The release of proinflammatory cytokines into the circulation, along with perfusion of cooled allograft, bring about a myriad of physiological changes, such as myocardial depression, due to hypothermia (cooled blood returning to the heart), changes in pulmonary vascular resistance, and significant vasodilatation along with an increased cardiac output. These are systemic manifestations of postreperfusion injury. Therefore, the initial insult to the liver has been related with remote mechanisms, which can affect distant organ systems too. 9 This study suggests that the systemic effects of IRI, leading to PRS, may be mitigated by NMP. It shows that to maintain the physiological blood pressures during the immediate reperfusion period, those in the CS group required a significantly greater dose of vasopressor, denoting that the peripheral vasodilatory response in this group that was brought about by IRI is greater. Even after hemodynamic and volume optimization of the patient, the mean blood pressures between the 2 groups were significantly different. Our data are in keeping with a similar study, where improved hemodynamics after NMP was shown in an animal reperfusion model. 29 What is equally important is that the NMP did not significantly alter the particular risk of a graft, as denoted by the DRI, and despite this, there were significant physiological benefits and stability in the recipient during the post reperfusion phase. In other words, a high-risk graft remained "high risk" even after NMP, but the physiological response after reperfusion was comparatively better.
Of the above causes impacting on IRI, cold ischemia is potentially the only variable that could be modified-either through minimizing CIT though logistics of transplant setting up or by other means of organ preservation. Currently, the 2 alternative approaches to organ preservation being researched and incorporated in the clinical practice are normothermic and subnormothermic/hypothermic preservation. 12 Both these principles incorporate taking away the ischemic insult to the graft and aim at replenishing the energy status of a graft. By minimizing the "ischemic insult," subsequent reperfusion injury is also minimized. 25, [30] [31] [32] [33] [34] Recently, the Zurich group suggested that oxygenated hypotermic liver perfusion (HOPE) at the end of cold preservation is beneficial for DCD graft. 35 However, NMP (37°), compared with oxygenated hypotermic liver perfusion, may create more physiological conditions to the graft and may represent the best option to improve the viability of suboptimal organs, such as DCD, before transplantation. [36] [37] [38] [39] [40] Until now, the use of NMP has been reported mainly in animal models 29, [41] [42] [43] [44] [45] [46] or in discarded human donor livers. 12, 15, 24, 47 Recently, the first 2 cases of successful transplantation of human livers after NMP preservation have been reported. 48, 49 The current study is the first report of the use of NMP in adult LT with the aim to evaluate his impact on the intraoperative hemodynamic events and PRS occurrence.
This study has limitations. The small sample size can be considered as a limiting factor leading to lack of statistical power, as is the use of the matched control group within Values reported as medians and ranges, with P values from Mann-Whitney U tests. *Significant at P < 0.05. Total fluid included blood products (packed red blood cells, FFP, platelets, cell salvage blood) and other infusions (colloids, crystalloids). Transfusions after reperfusion include products infused after reperfusion of the graft by portal vein. Postoperative transfusions include all the blood products infused during the first 48 hours after the end of the surgery. FFP, fresh-frozen plasma; PLT, platelets.
the confines of a phase 1 study. Another major limitation is the lack of proinflammatory marker assays, which could have been helpful to corroborate the clinical pattern observed in the postreperfusion period. These limitations were unavoidable because the current study was a substudy of preplanned study where safety of NMP was assessed in the humans for the first time. Despite these limitations, one of the key findings that emerged from the study was that NMP removes or minimizes the cold ischemia component of preserved allografts, but this does not alter the perceived risk of a particular graft. Therefore, the immediate hemodynamic effects on the patient, having received an equal risk graft, are significantly different after NMP.
In conclusion, patients receiving liver grafts preserved in traditional CS require higher dose of vasopressors to counteract the vasodilatory effects manifested during reperfusion phase and a greater requirement of blood product transfusion. In contrast, NMP preserved liver allografts result in smooth reperfusion and achieve more physiological stability, with lesser need of pressor support and blood product transfusion. In an era where the shortage of donors is a universal issue and compromised grafts are increasingly used, normothermic preservation could be a tool to increase the utility of such grafts by modulating the IRI. Normothermic perfusion could also reduce the usage of blood products (another limited resource) during LT. These benefits and additional aspects need to be carefully investigated in the larger multicenter trials that are underway. 50 
